Introduction

83
Copy number variations (CNVs) refer to specific sequences that are present in variable 84 numbers in the genome of different individuals. CNVs are among the least studied genetic 85 variations despite their abundance in natural populations (Blackburn et al. 2013 ; Chain et al. 86
The function cor.test in R (R Core Team 2016) was used to calculate the one-tailed Pearson 247 correlation coefficient (Cor) between two variables, and associated p-values. 248
249
Data availability 250
SNP-array raw intensity data (X/Y) for the data sets 54F and 1LF, copy number genotypes for 251 CNV genes and qPCR crossing point (Cp) and reaction efficiency (E) data will be submitted 252 to the public data repository Dryad. 253
254
Results
255
We detected copy number variations (CNVs) in the P. glauca gene space by using SNP-array 256 raw intensity data for 14,058 genes in 3663 individuals (for details on the CNV calls, see 257 methods). We characterized the inheritance and estimated the spontaneous mutation rates of 258
CNVs by analyzing 55 two-generation families (54 small families in the 54F data set and one 259 large family in the 1LF data set). Hereafter, we consider a copy number (CN) of two as the 260 normal state for a gene (P. glauca being a diploid organism) and variants (also called non-261 two-copy genotypes) as homozygous deletions (CN = 0), heterozygous deletions (CN = 1) or 262 copy number gains (CN = 3 or 4). 263
264
Detection and validation of genic CNVs in pedigree populations 265
We identified CNVs affecting 143 different genes among individuals (Table 1) . The genic 266
CNVs detected in each data set represent a small proportion of the 14,058 genes inspected 267 (0.5% on average). Most of the variants (90%) are CN losses (homozygous and/or 268 heterozygous deletions) and only 10% are CN gains (Table 1) . No two-way (tri-allelic) CNVs 269 were detected. 270 271 272 We validated the CNV calls using quantitative real time PCR as independent technique. 276
Fourteen out of the 15 tested genes displayed CNVs with both techniques and the estimated 277
False Discovery Rate (FDR) was 6.6%. Careful examination of the gene BT102213 displaying 278 discrepancies between the two technologies showed that while the qPCR primers target a 279 conserved region of the gene, the array probe is located in an LRR1 domain that can be 280 present in one or two copies in different variants of the gene. We were unable to design a 281 probe and primers that target the same region of the gene because of the different technical 282 requirements of the genotyping array and the qPCR. The genotyping accuracy assessed 283 through qPCR was 80% on average but depended on the CNV class. It was high for deletions, 284
i.e. 85% and 87% for heterozygous and homozygous deletions, respectively, and it was low 285 for CN gains (63%) mainly due to a lack of sensitivity of the SNP-array technology for gains 286 (the median sensitivity for CN gain is 20%). 287 288
Classification of CNVs as inherited or de novo 289
CNVs were classified into two categories i) inherited CNVs and ii) de novo CNVs to identify 290 the source of the CN variants observed in the offspring generation (Figure 1 
-A). Inherited 291
CNVs are observed when a non-two-copy genotype is detected in at least one of the parents 292 and among the offspring. De novo CNVs on the other hand, are observed when both parents 293 have a two-copy genotype and a non-two-copy genotype is detected among the offspring, 294 which is presumed to result from a spontaneous mutation (loss or gain of a copy). For the 54F 295 data set, 23 (28%) of the identified CNVs were transmitted from parents to their offspring and 296 59 (72%) of the CNVs were detected as de novo events. Each of the families displayed eight 297 inherited CNVs and 23 de novo CNVs on average. The remaining genes (51) were maintained 298 at two copies for all the family members (Figure 1-B) . The narrow whisker-boxes in figure 1 a maximum likelihood approach based on allele specific copy numbers (ASCN). The 310 pedigrees reconstruction using the 23 inherited CNV genes only was achieved with an 311 average accuracy ranging from 91.7 to 95.5% depending on the nature of the relation between 312 individuals (Figure 2 ). The proportion of dyads correctly inferred was 91.7, 95.5, 92 and 94% 313 for full-sib, half-sib, unrelated individuals and parent-offspring dyads, respectively. In an 314 independent simulation, we used both inherited and de novo CNVs genotypes for the 315 reconstruction of the same pedigrees. As might be expected, this decreased the accuracy of 316 full-sib, half-sib and parent-offspring dyads inference and increased the inference accuracy 317 for dyads of unrelated individuals (Figure 2 ). This result highlights the quality of CNV 318 genotyping using raw data from SNP-arrays and the proper classification of the observed 319
CNVs into inherited and de novo CNVs that ensued. 320 
of full-sib [P(FS|FS)], half-sib [P(HS|HS)], unrelated [P(UR|UR)] and parent-offspring [P(PO|PO)]
We analyzed the 3624 trios (corresponding to 7248 meiotic generations) in 54F and 1LF data 328 sets to estimate the rates of spontaneous copy number changes from parent to offspring. The 329 locus specific mutation rate µls at the 113 genes displaying de novo CNVs ranged from 2.6 x 330
10
-4 to 9.3 x 10 -2 mutation per generation which is nearly two orders of magnitude broader 331 than the range observed for mammals using the same experimental approach (Table 2) . 332
Assuming that de novo CNVs have an equal chance of occurring at any location across the 333 gene space, we estimate the mutation rate is 3 x 10 -5 mutation per gene per generation based 334 on the data obtained for 14,058 genes targeted in our study. This estimate of the cross-335 genome mutation rate µcg is one to two orders of magnitude higher than that observed for 336 unicellular and multicellular eukaryotes (Table 2) . 337
Considering the 14058 genes examined here, individuals in 54F and 1LF data sets have 338 inherited non-two-copy number in five genes on average and had 1/6 chance of harboring one 339 to two additional gene(s) with non-two-copy number resulting from spontaneous mutations. A closer inspection of the mutation rates for different genes revealed a bimodal distribution 358 (mode 1 with µls < 10 -2 and mode 2 with µls > 10 -2 mutation per generation) (Figure 3-A) . The 359 µls estimates from the large family were more widely spread (Figure 3-B) while estimates from 360 the 54 smaller families covered a narrower range (Figure 3-C) . This trend was expected given 361 that the 1LF data set contained around 2000 trees, which should facilitate the detection of rare 362
and recurrent events while the 54F data set may reveal mutation events that are common in 363 the population. Taken together, the estimates from both data sets should provide a more 364 complete picture of the spontaneous mutation dynamics in the P. glauca gene space.
The spontaneous mutation rates varied for different CNV classes. For copy number gains and 366 heterozygous deletions, the mutation rates were mostly in the range of mode 1 with only 17 367 and 35% of the genes, respectively, in the range of mode 2 (Figure 3-E,F) . On the other hand, 368 mutation rates for homozygous deletions were restricted to mode 1 (Figure 3-D) . 369 370 371 We estimated that allele specific mutation rates µAS for CNVs were an order of magnitude 381 lower than µAS for SNPs (Figure 4-A) . This observation was based on the analysis of seven 382 genes for which crosses between two homozygote parents allowed us to estimate the µAS for 383
CNVs and SNPs in the same individuals. Figure 4 -B also shows that differences between the 384 mutation rates of two alleles of the same gene ΔµAS can be as high as 10 -2 mutation per 385 generation for CNVs and SNPs, which has considerable evolutionary consequences. 
393
Relationship between CN mutation rates and gene expression 394 Expression levels for the 113 genes displaying de novo CNVs are available for eight P. glauca 395 tissues (Raherison et al. 2012 ) and were analyzed here. We checked if there was an 396 association between the locus specific mutation rate µls and transcript accumulation levels. In 397 both data sets (54F and 1LF), we show that the µls of mode 2 genes was negatively correlated 398 with gene expression level (Figure 1-A 
408
CNVs are associated with transmission distortions 409
We examined the transmission profile of the 23 inherited CNVs detected in the 54F data set 410 for crosses where at least one parent was heterozygote for one copy (A1) and zero copy (A0) 411 alleles. A situation of transmission distortion (TD) is a departure from the expected 412 transmission ratio 0.5 under Mendel's laws of inheritance. Out of the 23 CNV genes, 16 (70%) 413 displayed transmission ratio distortions (TRDs) while the remaining 7 (30%) were transmitted 414 according to the Mendelian expectations or the number of trios examined was too small to 415 detect TRDs (Table 3) . Preferential transmission of one copy (allele A1) was found in 13 (81%) 416 of the TRD genes and preferential transmission of zero copy (allele A0) was found in three 417 (19%) of the TRD genes. 418
The data revealed that the observed transmission distortions can be dependent on i) whether 419 the heterozygote parent was contributing as male or female (44% of the genes with TRDs 420 show a parental effect: 31% maternal effect and 13% paternal effect) and/or ii) the copy 421 number genotype of the partner in the cross (54% of the genes with TRDs) (Table 3) . 422 423 
425
GenBank Acc ♀He x ♂Ho ♀Ho x ♂He ♀He x ♂He He x N Favored CN PE PGE Table S1 . We found that the model fits our data well (adjusted R 2 = 0.91; p-value = 2.7E-06) for the 13 470 genes where transmission ratios (TR) are independent of the parental and partner genotype 471 effects. When we considered all of the 23 inherited genic CNVs, the fit (p-value = 9.0 E-07) 472 was less strong (adjusted R 2 = 0.73) due to the interference of the parental and partner 473 genotype effects on TR(A0) levels for some genes. These results were also confirmed by an 474 ANOVA analysis with p-value = 4.0E-06 for the effect of TR(A0) on delta p(A0) and p-value = 475
Genes with preferential transmission of zero copy 498
For the genes (BT101196, BT103424 and BT109608) where TDs favored the allele A0 (zero-499 copy), we identified three different patterns of selection based on the genotypes frequencies 500 (Table 4) . These patterns were inferred from the examination of genotypes and alleles 501 frequencies in the parents and offspring generations in three steps. 502
First, we considered all the crosses (Table S2 ) and found that i) for the gene BT101196, there 503 was a significant departure from Mendelian expectations, even if the proportion of crosses 504 with TRD was only (31%), because the level of transmission distortion for this gene was high 505
ii) for the gene BT103424, the level of distortion observed was lower but significant in a 506 pedigree population that included 42% of crosses with TRD and 58% crosses with no TRD 507 (those with two homozygote parents and those where the heterozygote parent was male) and 508
iii) for the gene BT109608, the effect of transmission distortions was diluted in the population 509 because of the interference of both parental and partner genotype effects on TD levels and 510 the presence of crosses between two homozygote parents (crosses with no TRD represent 511 76% for this gene). 512
In the second step, we considered only the crosses with at least one heterozygote parent 513 (Table S3 ) and observed that for the three genes analyzed, there was a significant departure 514 from the genotypes frequencies expected in the case of a Mendelian inheritance, although the 515 detected level of distortion was moderate due to the interference of the parental and partner 516 genotype effects that still remained in the pedigree population. 517
Finally, we examined only the crosses with significant TDs (Table S4 ) and were able to 518 quantify the effect of transmission distortions on changes in genotypes frequencies between 519 generations without the interference of double homozygote crosses, parental or partner 520 genotype effects. For the three genes, there were significant deviations from the expected 521 genotypes frequencies and the levels of distortion were higher than those observed in the 522 second step of the analysis. 523
The findings of this analysis are summarized in Table 4 and show that for the gene BT101196 524
(highly similar to F-box proteins), the frequency of the allele zero copy (A0) increased in the 525 offspring resulting from more of the one copy (A0/A1) genotype and a lower frequency of the 526 two copy genotype (A1/A1), which suggests that it is under balancing selection with a 527 heterozygote advantage. On the other hand, for the two other genes BT103424 (unknown 528 function) and BT109608 (Chaperone DnaJ-domain superfamily protein), the increased 529 frequency of the allele A0 was due to more of the zero copy (A0/A0) genotype, which suggests 530 that they are under directional selection favoring the allele (A0) and the homozygote genotype 531 (A0/A0) at the expense of the genotype (A1/A1) or both the genotypes (A0/A1) and (A1/A1) 532 for the genes BT103424 and BT109608, respectively. 533 534 The particular case of an F-box gene 538
The gene BT101196 attracted our attention because it is homologous to an A. thaliana gene 539 involved in embryo development arrest (Pagnussat et al. 2005 ) and both the P. glauca and A. 540 thaliana genes display interesting but distinct transmission distortions. In P. glauca, the 541 transmission of the zero copy allele is favored (TR(A0) > 0.5) and is influenced by the genotype 542 of the partner. We observed that transmission distortions occur only when the heterozygote 543 parent is crossed with an individual harboring two copies of the gene, i.e. no distortion is 544 observed when the partner has a zero or one copy genotype (Table 5 ). The data also showsimultaneous paternal and maternal effects on TR(A0) with transmission distortions being 546 observed whether the heterozygote parent contribute as male or female (Table 5 ). Like the 547 other genes displaying TRDs, the gene BT101196 transmission was dependent on the 548 parents' genetic background but not the genetic distance between them (Figures S2 and S3) . 549 550 
553
A main difference in the transmission distortion of the P. glauca gene BT101196 and its A. 554 thaliana homolog (MEE66, AT2G02240) is that A0 was favored in P. glauca and A1 was 555 favored in A. thaliana (Pagnussat et al. 2005 ). This and other TRD features, along with gene 556 expression and embryo viability phenotypes, are summarized in Table 6 . 557 
Copy number spontaneous mutations represent a non-negligible evolutionary force 608
To date, estimates of the mutation rate for CNVs have been limited to a few model organisms 609 and suffer from biases related to the targeted region in the genome, the individuals sampledspecies is expected to provide new insights into the evolution process. 613
Here we show that CN mutation rates in P. glauca cover a wide range (three orders of 614 magnitude) and can reach as high as 10 -2 mutation per generation for some genes. High 615 spontaneous mutation rates (locus specific and genomic estimates) are expected in plants 616
and particularly trees. In plants, many cell divisions occur during a single generation, which 617 increase the probability of mutation events during DNA replication and repair (Petit and Hampe Copy number mutation rates in the P. glauca gene space followed a bimodal distribution with 637 the majority of genes (70%) subject to low mutation rates and the rest (30%) associated with 638 high mutation rates (above 10 -2 mutation per generation). This spectrum of mutation ratescould reflect local differences in the genome or differences in the selection pressure. Local 640 features of genome architecture such as base composition, short repeats density, mobile 641 elements, recombination rates and methylation can influence the frequency at witch mutations 642 are generated (reviewed in Baer et al. 2007 ). Also genes involved in basic metabolic functions 643 are expected to be under strong selection pressure. On the other hand, redundant genes, 644 genes associated with compensation mechanisms and genes involved in adaptation are likely 645 to be under relaxed selection and tolerate more frequent mutations (Tang and Amon 2013) . 646
In this work, we have shown that homozygous deletions (complete gene losses) are rare 647 (confined in mode 1 only). Since the complete loss of a gene is expected to be more 648 deleterious than a partial loss (heterozygous deletion) or a duplication, we can presume that 649 these mutations are under strong purifying selection. 650
We found a negative correlation between mutation rate and average gene expression level 651 only for the genes at the high end of the mutation rate spectrum (mode 2). This was taken as 652 an indication that selection pressure maintains the mutation rate at lower level for highly and 653 broadly expressed genes which are presumed to be more essential for cellular function. In 654 eukaryotes, the relationship between genes transcription levels and the mutation rates is still 655 spontaneous mutations based on the observation that highly expressed genes are more 662 frequently associated with mutations (SNPs, intra-genic deletions or double strand 663 breakages). Since we observed a negative correlation only in mode 2, neither the TCRH nor 664 the TAMH hypotheses explain our data entirely. Alternatively, Lynch (2011) proposed the drift-665 barrier hypothesis DBH, which stipulates that selection will drive down µ from high mutationcircumvent selection and the mutation rate will evolve randomly toward higher or lower values. 668
This DBH fits our data and explains the observed relationship between CN mutation rate and 669 gene expression in both mode 1 and mode 2. 670
We found that CNVs have lower mutation rates (an order of magnitude on average) than SNPs 671 for the same genes. In A. thaliana and human, the mutation rate for SNPs is one and three 672 order(s) of magnitude higher than for CNVs respectively (Ossowski et evolution. In this model the fate of two alleles is not determined by their relative effects on 682 fitness alone but also depends on the order of the appearance of alleles, their respective 683 mutation rates and the population effective size (Ne). Here we report empirical estimates of 684 the differences between the mutation rates associated with two alleles of the same locus. A 685 pair of alleles may have mutation rates that differ by as much as an order of magnitude in 686 favor of one allele relatively to the other, which will have a large impact on the chances of 687 fixation of the two alleles. The mutation rate also determines how long an allele will remain in 688 the genome. Alleles with lower deletion rates will be retained longer increasing their chance 689 of accumulating more mutations or being converted to alternative allelic forms. 690
Copy number mutation rates in P. glauca can reach high values, are variable for different 691 genes, alleles and CNV classes and are subject to a variety of selection pressures. These 692 features undoubtedly, make spontaneous copy number mutations a significant orienting factor 693 in evolution and in shaping genome architecture, which in turn determine the fate of genetic 694 variants and of the individuals harboring them. In the present study, we primarily detected copy number losses and estimated that CNVs 790 affect a small proportion of the gene space, which supports the hypothesis that CNVs are 791 mainly deleterious and should be under strong purifying selection. We also show that CNVs 792 can be either inherited from the parents or generated via spontaneous mutations. De novo 793 CNV formation occurs at a lower rate than SNP formation (expected to be less deleterious 794 than structural variations on average), particularly for complete gene losses (homozygous 795 deletions). Still, copy number mutation rates can reach high levels for P. glauca and the 796 genomic mutation rate for this species is higher than in other organisms examined to date. 797
This high mutation rate imposes a mutational load that seems to be tolerated because frequent 798 mutations would fuel the standing genetic variation of the population, contributing to 799 adaptation to environmental changes, which is a well-known feature for perennial trees. Our 800 data further show that alleles of the same gene can have considerably different mutation rates 801 and consequently the fate of alleles can be determined based on the order and rate of their 802 generation and maintenance in the genome in addition to their respective effects on fitness. 803
From this perspective, spontaneous mutations are not only a source of new variants but play 804 also a role as an orienting factor that can determine the fate of alleles.
to inherited copy number variants at least five times more than variants generated de novo. 807
However, the transmission of CNVs from a generation to the next is distorted most of the time. 
1144
GenBank Accratio for the copy number allele A0 (zero copy), CI (95%): 95% confidence interval, P-value: p-value for two-tailed exact binomial test, NA: not available, ND: not determined, D: dependent, I: 1147 independent, (PE): paternal effect, (ME): maternal effect, (PME): paternal and maternal effects.
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